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ABSTRACT A hair cell’s tip links are thought to gate
mechanoelectrical transduction channels. The susceptibility
of tip links to acoustic trauma raises questions as to whether
these fragile structures can be regenerated. We broke tip links
with the calcium chelator 1,2-bis(O-aminophenoxy)ethane-
N,N,N',N’-tetraacetic acid and found that they can regener-
ate, albeit imperfectly, over several hours. The time course of
tip-link regeneration suggests that this process may underlie
recovery from temporary threshold shifts induced by noise
exposure. Cycloheximide does not block tip-link regeneration,
indicating that new protein synthesis is not required. The
calcium ionophore ionomycin prevents regeneration, suggest-
ing regeneration normally may be stimulated by the reduction
in stereociliary Ca?* when gating springs rupture and trans-
duction channels close. Supporting the equivalence of tip links
with gating springs, mechanoelectrical transduction returns
over the same time period as tip links; strikingly, adaptation
is substantially reduced, even 24 hr after breaking tip links.

Hair cells transduce displacements of their mechanically sen-
sitive hair bundles into electrical signals (1, 2). A hair bundle
consists of about 100 stereocilia, each of which contains
hundreds of crosslinked actin filaments enshrouded by plasma
membrane. Stereocilia are arrayed in rows of increasing height,
producing a bundle that exhibits mirror symmetry along a
central axis; this axis also corresponds to the bundle’s axis of
highest displacement sensitivity. When a bundle is displaced
along this axis, the tip of each shorter stereocilium slides along
the side of its tallest neighbor. Such displacements stretch
elastic mechanical elements called gating springs, which open
transduction channels (3). Optimally poised to be gating
springs, tip links are 5 X 150 nm extracellular filaments that
stretch from the tip of a stereocilium to the side of its neighbor,
parallel to the plane of mirror symmetry (4). Bundle displace-
ments that stretch tip links also open transduction channels,
and displacements that slacken tip links permit channels to
close. Because 1,2-bis(O-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid (BAPTA) eradicates tip links, simultaneously
disrupting transduction by disengaging gating springs, tip links
are thought to either be gating springs themselves or connect
in series with the gating spring (5).

A hair cell’s transduction apparatus survives constant stim-
ulation and occasionally experiences stimuli that can break tip
links (6). If tip links indeed play an essential role in transduc-
tion, broken tip links should be replaced to maintain sensitivity
to mechanical displacements. We intentionally broke tip links
with BAPTA and found that they regenerate over a period of
several hours. Regeneration is imperfect, as many links arise
that connect stereociliary pairs not oriented along the plane of
mirror symmetry. Although restoration of tip links does not
require new protein synthesis, elevation of intracellular Ca?*
levels effectively prevents regeneration. As expected if tip links
gate transduction channels, mechanoelectrical transduction
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returns over the same time course as tip links; strikingly, both
adaptation of transduction and mechanical stability of the
transduction apparatus are reduced substantially. These results
illustrate the dynamic nature of the hair cell’s transduction
apparatus.

MATERIALS AND METHODS

Tissue Preparation and Electron Microscopy. The entire
temporal bone containing the basilar papilla of newborn
chickens was dissected and transferred to serum-free Medium
199 (GIBCO/BRL). After the epithelium of the basilar papilla
was exposed by cutting away the tegmentum vasculosum, the
tectorial membrane was detached from homogene cells on the
superior margin of the papilla using an eyelash. Papillae were
treated with 5 mM BAPTA (Molecular Probes) in 155 mM
NaCl/6 mM KCl/3 mM D-glucose/5 mM Hepes at pH 7.2-7.4
for 15 min. Control and BAPTA-treated papillae were cul-
tured in Medium 199 at 37°C for 0—24 hr. In early experiments,
we noted that most bundles of BAPTA-treated papillae leaned
toward the shortest stereocilia (the negative direction) after
several days’ culture; we largely avoided this phenomenon by
detaching the tectorial membrane.

Before fixation, tissues were treated with 50 ug/ml subtilisin
(Sigma protease type XXIV) for 20 min to permit removal of
the tectorial membrane. Papillae were fixed with 2% glutar-
aldehyde and 1% tannic acid for 2-4 hr on ice, and postfixed
in 1% OsOy4 for 1 min. Dehydration was carried out with an
acetone series. The specimens were critical-point dried from
liquid COs, sputter-coated with gold-palladium, and examined
in a scanning electron microscope (Amray, Bedford, MA).
Measurements of tip links were derived from Polaroid pictures
of hair bundles at about X20,000; we examined 15-20 hair
bundles at each time point, from six BAPTA-treated and six
control basilar papillae. A total of 162 hair bundles were
examined in detail. Hair bundles were chosen at low magni-
fication, where tip links could not be seen, to prevent any bias.
We attempted to include bundles from all regions of the basilar
papilla; no systematic regional differences in tip-link regener-
ation were observed. A fraction of the hair bundles in cultured
basilar papillae were splayed apart; BAPTA treatment in-
creased this fraction, perhaps by dissociating lower crosslinks
between stereocilia. We did not collect tip-link regeneration
data from these bundles. Pictures were encoded and scored for
the presence of tip links by four members of the laboratory in
a blind fashion (5). Tip links were scored as present or absent
between each pair of stereocilia that (i) were aligned along the
bundle’s mirror symmetry axis and hence should possess a tip
link, (i) were in proper focus, (iif) were not in disarray, and (iv)
were not obscured by debris. Data are presented as a percent-
age of stereociliary pairs parallel to the plane of mirror

Abbreviations: BAPTA, 1,2-bis(O-aminophenoxy)ethane-N,N,N',N'-

tetraacetic acid; TTS, temporary threshold shift.
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symmetry that have a tip link; means plus or minus the SEM
are reported.

To block protein synthesis, papillae were incubated for 12 hr
under similar conditions except that 40 uM cycloheximide
(Sigma) was included in the culture medium. To show that
cycloheximide blocked protein synthesis, we incubated basilar
papillae in 0.1 mCi/ml (1 Ci = 37 GBq) [**S]methionine
(Amersham) in methionine-free Medium 199 (GIBCO/BRL)
for 12 hr in the presence or absence of cycloheximide. Incor-
poration of [3S]methionine into protein was measured in
isolated hair bundles (unpublished work) and in basilar-
papillae tissue remaining after bundle isolation. To raise Ca?*
in stereocilia during tip-link regeneration, we included 1 uM
ionomycin (Calbiochem), diluted from a 5 mM stock in
dimethyl sulfoxide, in the culture medium. Papillae were
incubated for 12 hr under conditions identical to those indi-
cated above. At least two BAPTA-treated and two control
papillae were treated for 12 hr with 5 ug/ml actinomycin D, 10
pg/ml tunicamycin, 2 mM phenyl-N-acetyl-a-D-galactosamin-
ide, 20 uM nocodazole, or 10 uM colchicine (each obtained
from Sigma). The effectiveness of these agents was assessed
qualitatively.

For transmission electron microscopy, tectorial membranes
were removed with subtilisin treatment as above. Papillae were
fixed for 1 hr with 2% formaldehyde, 2% glutaraldehyde, and
1% tannic acid, postfixed with 1% osmium tetroxide for 30
min, and dehydrated with an acetone series. Fixation, postfix-
ation, and dehydration were all carried out on ice. The tissue
was transferred to propylene oxide and then embedded in
Eponate 12 resin (Ted Pella, Redding, CA). Ultramicrotome
sections (50-100 nm) were stained with 3% uranyl acetate and
0.3% lead citrate and observed in a Zeiss transmission electron
microscope.

Electrophysiological Recording. Single basilar-papilla hair
cells of newborn chicks were dissociated with gentle mechan-
ical disruption and aspiration (7). Hair bundles were mechan-
ically stimulated with a fire-polished patch electrode using a
two-dimensional piezoelectric bimorph stimulator. The com-
position of the pipette solution was 95 mM CsCl/3 mM
MgCl,/2.5 mM Na,ATP/1 mM EGTA/5 mM Hepes (pH 7.3).
The bath solution contained 155 mM NaCl, 6 mM KCI, 2 mM
MgCl,, 4 mM CaCl,, 3 mM D-glucose, and 5 mM Hepes at pH
7.2-7.4, oxygenated at room temperature (21-23°C). Trans-
duction currents were recorded at a holding potential of —80
mV with the tight-seal whole-cell technique (8). Mechanical
stimuli had a duration of 150 ms and were elicited by alter-
nating from negative to positive displacements. Displacement
amplitudes for the cells displayed ranged from —1.2 um to 1.2
um in intervals of 0.12 wm; transduction currents were elicited
from other cells with a single displacement amplitude of 400
nm. Transduction currents were low-pass filtered at 1 kHz,
digitized at 8 kHz, and later digitally filtered at 0.5 kHz. Traces
shown are averages of three records.

RESULTS

Tip Links Regenerate After BAPTA Breakage. To examine
whether tip links regenerate, we treated the chicken’s hearing
organ, the basilar papilla, with 5 mM BAPTA, cultured
papillae in the presence of Ca?* for 0-24 hr, and used scanning
electron microscopy to assess the number of tip links present.
Cultured control basilar papillae showed only a slight decrease
in the number of tip links over a 24-hr period. As previously
reported (5), BAPTA application nearly completely eradi-
cated tip links (Fig. 1). Complete, reproducible elimination of
tip links required BAPTA treatment for 10-15 min, rather
than the few seconds reported for frog sacculus (5), perhaps
because of the presence of the temporal bone and tectorial
membrane. Over a time period of several hours, tip links
reappeared; by 24 hr, the number of tip links on BAPTA-
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Fic. 1. Tip links regenerate after BAPTA treatment. Tip links are
defined by their electron-microscopic appearance along a hair bundle’s
axis of mirror symmetry, the 1,00 lattice plane of Tilney and coworkers
(9). (A) Scanning electron microscopic view of individual hair bundles
before or after treatment with BAPTA. Bundles from basilar papillae
cultured for 24 hr after BAPTA treatment have tip links in equal
numbers to bundles from control papillac. (Bar = 1 um.) (B)
Compilation of data from 162 bundles. BAPTA-treatment data were
fit with the equation {% of intact tip links = 4 + B[1 — exp(—t/7)]"},
where A is the fraction of intact tip links after BAPTA treatment (4%)
and B is the increase in tip links during regeneration (60%). With the
time constant 7 as the only unconstrained variable, values for T were
as follows: forn = 1, 7= 6.6 hr (r = 0.98); forn = 2, 7 =39 hr (r =
0.997); and forn = 3, 7= 3.1 hr (r = 0.998). The fit for n = 2 is plotted
here. Control data were plotted with an exponential fit with a time
constant of about 185 hr.

treated basilar papillae, in 64 * 3% of the expected positions,
nearly equaled the number on control papillae, which had tip
links in 72 = 2% of the expected positions.

Because a thick metal coating applied during sample prep-
aration for scanning electron microscopy confounds our ability
to assess tip-link diameter and length, we examined hair cells
in the basilar papilla using transmission electron microscopy.
As reported previously, tip links in control papillac appeared
to be 5-10 nm in diameter and 125-175 nm long (Fig. 2).
BAPTA treatment eliminated tip links; their absence was most
certain when both upper and lower osmiophilic densities were
observed in the same section (Fig. 2). Morphologically similar
tip links were found frequently in papillae that had been
cultured for 12 hr after BAPTA treatment (Fig. 2). In these
papillae, links with similar diameter and length were also seen
at positions below those normally occupied by tip links (Fig. 2
Lower Left). These scanning and transmission electron mi-
croscopy experiments show that hair cells regenerate their tip
links after they have been broken by BAPTA treatment.

Abnormal Links Between Stereocilia Appear During Re-
generation. BAPTA treatment increased the number of link-
ages connecting stereociliary tips to adjacent stereocilia off the



Neurobiology: Zhao et al.

Control, 0 hours Post-BAPTA, 0 hours Control, 12 hours

nl .I -'

Post-BAPTA, 12 hours

!

FiG. 2. Ultrastructure of control and regenerated tip links. Basilar
papillae were treated with BAPTA or a control solution, and then
fixed and processed for transmission electron microscopy immediately
or after a culture period of 12 hr. Tips links in control papillae
appeared as previously described (for examples, see refs. 4, 5, 10, and
11); they occasionally appeared to be branched and were often
associated with amorphous material, possibly a glycocalyx. If present,
osmiophilic insertional densities at the tip of a stereocilium and on the
side of its neighbor clearly marked tip-link ends (densities are most
clear in the hair cell that was BAPTA-treated, but not cultured).
Dimensions and features of regenerated tip links fell into ranges seen
in control papillae. In no case did we see osmiophilic densities at ends
of regenerated tip links that were as evident as those seen in control
papillae. (Bar = 100 nm.)

axis of mirror symmetry (Fig. 3 A-C). Although tip links are
defined morphologically as projecting only along the axis of
mirror symmetry within the bundle (4), a few such angled tip
links are found in control hair bundles and may also gate
transduction channels (12). The ratio of angled tip links to
normal tip links increases at 2 h, then declines to a level 2- to
3-fold over control (Fig. 3C). Angled tip links also increase in
frequency in control basilar papilla cultures. We saw a large
increase in the number of linkages between stereocilia that
cannot be termed tip links or angled tip links (Fig. 34 and D).
These include links running horizontally from one tip to a
neighboring stereocilium or links between stereocilia at lower
levels. The ratio of “other” links relative to normal tip links is
also elevated substantially at 2 hr after BAPTA treatment (Fig.
3E).

New Protein Synthesis Is Not Required for Regeneration.
Sensitivity to neuraminidase (13) and susceptibility to prote-
olysis (14) suggests that tip links are composed of glycopro-
teins. To investigate whether new protein synthesis was re-
quired for tip-link regeneration, we incubated BAPTA-treated
basilar papillae with 40 uM cycloheximide, a protein-
translation inhibitor. Reappearance of tip links was not
blocked, indicating that translated tip-link subunits are avail-
able for reconnection (Fig. 4). We confirmed that cyclohexi-
mide blocked protein synthesis in the basilar papilla; cyclo-
heximide decreased incorporation of [33S]methionine into
protein in whole basilar papilla or isolated hair bundles by
nearly 50-fold (data not shown). Tip-link regeneration was not
blocked by actinomycin D, a transcription inhibitor; tunica-
mycin and phenyl-N-acetyl-a-D-galactosaminide, inhibitors of
N- and O-linked sugar processing; and nocodazole and col-
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Fi1G. 3. Angled tip links increase in frequency after tip-link regen-
eration. (4) Angled tip links (black arrowheads) and “other” links
(white arrowheads). Angled tip links are linkages seen in scanning
electron micrographs that have the same apparent diameter and length
as normal tip links but connect a short stereocilium to a taller neighbor
immediately adjacent to the closest stereocilium aligned along axis of
mirror symmetry; because of hexagonal packing of stereocilia, these
links are found at 60° to the axis of mirror symmetry (the 1,0 lattice
plane of ref. 9). “Other” links also have similar apparent length and
diameter but are found below normal tip link positions. “Other” links
were relatively rare in normal bundles. (Bar = 250 nm.) (B-E)
Absolute and relative numbers of angled tip links and “other” links
during basilar-papilla culture. Two hours after BAPTA treatment, the
relative numbers of angled tip links and “other” links increases sharply.
Each observer counted angled tip links on the same 162 bundles as in
Fig. 1B. For each bundle, the four observers’ estimates were averaged,
at each time point, means * standard errors derived from 15-20
bundles are reported.

chicine, agents that disrupt microtubules (data not shown).
These experiments suggest that tip links can be assembled with
preexisting subunits and with minimal processing or transport.

Intracellular Calcium Ions Block Tip-Link Regeneration.
When tip links are broken, transduction channels close and the
concentration of Ca?* in stereocilia should fall (15, 16).
Because regeneration of tip links may be stimulated by this
decrease in Ca2* concentration, we examined whether main-
taining an elevated intracellular Ca?>* concentration blocks
regeneration. We broke tip links with BAPTA and then
cultured basilar papillae for 12 hr in the presence of 1 uM
ionomycin, a Ca?* ionophore (17). Ionomycin effectively
blocked tip-link regeneration (Fig. 4). Ionomycin at this con-
centration had no effects on hair-cell survival or morphology,
suggesting that the concentration of Ca?* did not rise to an
extreme level. Consistent with that conclusion, similar condi-
tions raise intracellular Ca?* to only 1-2 pM in cochlear hair
cells (18).

Because closing of transduction channels should also hyper-
polarize hair cells, we also tested whether depolarization
blocks regeneration. Extracellular K* concentrations of 18 or
50 mM, which should depolarize hair cells to about —55 mV
or —25 mV, had no effect on tip-link regeneration.

Mechanoelectrical Transduction Returns During Tip-Link
Regeneration. If tip links are gating springs, regeneration of tip
links should restore mechanoelectrical transduction (5). We
therefore isolated hair cells from BAPTA-treated or control
basilar papillae before or after 24 hr in culture and examined
transduction using tight-seal, whole-cell recording. As previ-
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F1G. 4. Effects of cycloheximide and ionomycin on tip-link regen-
eration. Basilar papillae were treated with BAPTA or a control
solution and then incubated for 12 hr with no treatment (Con), 40 uM
cycloheximide (CHX), or 1 uM ionomycin (Iono). For each experi-
mental condition, means = SEs derived from 14-22 bundles acquired
from 6-12 papillae are reported.

ously reported (5, 19, 20), treatment with calcium chelators
entirely abolished transduction (Fig. 5B). After a 24-hr recov-
ery period in culture, however, transduction currents returned
(Fig. 5D and Table 1). Although transduction-current ampli-
tudes were similar in BAPTA-treated and control papillae
cultured for 24 hr, transduction in hair cells from BAPTA-
treated papillae often could only be elicited for a few large
displacements before disappearing. In addition, adaptation
was slowed after tip-link regeneration; the maximal adaptation
rate for negative displacements was reduced by 2-fold and the
rate constant for adaptation to positive stimuli was reduced by
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more than 5-fold. Slopes of displacement-response curves,
characterized by the gating force Z (15) were also diminished
in hair cells with regenerated tip links (Fig. SE and Table 1).

DISCUSSION

The reappearance of tip links coincident with the return of
mechanoelectrical transduction provides independent support
for the hypothesis that tip links directly gate transduction
channels (4, 5). No reports have appeared previously on
regeneration of tip links or return of transduction following
Ca?* chelator treatment, probably because a pronounced lag
precedes tip-link reappearance and presumably recovery of
transduction. That tip links regenerate perhaps is not surpris-
ing, however, as it seems improbable that these fragile struc-
tures could be formed once and then last for a lifetime.

Mechanism of Tip-Link Regeneration. How are tip links
regenerated? One possibility that seems unlikely is that
BAPTA disconnects tip links only at one end, and the tip link’s
free end rebinds to its receptor after the restoration of
millimolar Ca?* concentrations. Because a tip link is stretched
~20 nm at rest (15) and the upper anchor of a tip link climbs
an additional ~75 nm after BAPTA treatment (23), the tip
link’s free end would be too far from its receptor to reattach
to its original anchor point. The increased appearance of
angled tip links and other linkages below the stereociliary tips
suggests instead that new tip links are strung between stere-
ocilia. Because adjacent stereocilia are within ~50 nm near
stereociliary tips (Fig. 2; ref. 9), tip links may be formed where
the stereocilia come closest together (Fig. 6). Although the
structure of the tip link is unknown, several possible mecha-
nisms of regeneration can be envisioned.

Tip links could be formed by Ca?*-dependent interaction of
two extended subunits, each a transmembrane protein (12);
alternatively, a tip link could be formed when an extracellular
protein binds in a Ca?*-dependent manner to transmembrane
receptors. In either model, if the appearance of a subunit
present on each stereocilium where tip links can be reassem-
bled follows an exponential relationship, and if the subunits
interact rapidly, the connection of an intact tip link may be fit
by a square of an exponential. Indeed, our data were fit well
by eye by such a relationship (Fig. 1B). Considerably more data
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Fi1G. 5. Mechanoelectrical transduction returns after BAPTA treatment. (4) Control hair cell. (Inset) Disruption of mechanoelectrical
transduction (single displacements) by bath application of 5 mM BAPTA on an isolated hair cell. (B) Hair cell isolated 1 hr after 15-min treatment
of the basilar papilla with 5 mM BAPTA. Transduction currents are absent. (C) Hair cell isolated from control basilar papilla cultured for 24 hr.
Although transduction-current amplitudes and adaptation rates were unaffected by 24 hr culture, the extent of adaptation was diminished. (D) Hair
cell isolated from BAPTA-treated basilar papilla, cultured for 24 hr. Transduction-current amplitudes resembled those from control cells, but rate
constants for adaptation to positive displacements were diminished by more than 5-fold. (E) Instantaneous displacement-response relationships

(for different cells than those in A-D).
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Table 1. Transduction and adaptation after BAPTA treatment
1, transduction S, slipping rate C, climbing Extent of Z, gating
current* constantf ratet adaptation$ force
Control 45 + 22 pA 136 =50 s 13 =4 pm-s~! 0.73 = 0.08 33 £ 41N
(1 hr) (n=8) (n=15) (n=25) (n=15) (n=25)
BAPTA 0pA(n = 7) — — — —
(1 hr)

Control 38 £ 10 pA 117 £ 12571 14 £2 ums—! 0.45 = 0.02 37 £ 9N
(24 hr) (n=28) (n=15) (n=15) (n=4) (n=25)
BAPTA 30 = 17 pA 22 + 3571 7 %2 pms~! 0.41 = 0.13 16 + 1N
(24 hr) (n=29) (n=15) (n=25) (n=15) (n =6)

*In response to subsaturating, 400-nm displacement.

TAdaptation rate constant for positive displacements; this is the maximum slope of displacement—
adaptation rate curves (21). These rate constants have not been adjusted for the geometrical gain of the
bundle, y. Because stimulus amplitude affects adaptation rate, rate constants are reported (21).

#Maximum adaptation rate for negative displacements >500 nm; because saturating negative displace-
ments remove any external force applied to the adaptation motor, motors climb at a constant rate (21).
These rates have not been adjusted for the geometrical gain of the bundle, .

§Determined from displacement—extent curves (22); extent is distance of movement of the adaptation
motor in response to a 150-msec stimulus, expressed as a fraction of stimulus amplitude.

TDetermined from two-state Boltzmann fit to displacement—open probability curve (15); the gating force
(Z) indicates the displacement sensitivity of the trandsuction apparatus.

points, impractical with the laborious electron microscopy
assay we used, will be required to distinguish this model from
others that fit the data equally well.

Molecular motors, such as myosin isozymes (24, 25), could
be used to carry out tip-link regeneration and assembly (26).
Once a tip link is strung between two stereocilia, motors could
attach to one or both ends and drag the nascent tip link up the
stereocilium until it can move no further, either because a
motor runs off its track at the end of the stereocilium or
because increased tension in the tip link stalls the motor (Fig.
6).

Adaptation
motor

Ca?+

Transduction
channel

F1G. 6. Proposed model for tip-link regeneration. (4) After rup-
ture of tip links, the concentration of Ca?* drops in stereocilia, and
tip-link regeneration is favored. In this diagram, two channels, one
with an attached tip-link subunit, have been brought into the putative
“assembly zone” by molecular motors. These motors have moved from
the base of each stereocilium toward its tip, with the direction of
movement indicated by arrows. The motor isozyme responsible for
tip-link regeneration could be the same as that making up the mature
adaptation-motor assembly, or it could be a distinct isozyme. If the two
motors bring into close proximity a tip link and its receptor, such as a
transduction channel, the tip link can bind to its receptor. The motors
then move the transduction apparatus to its final resting position. The
depiction of the tip link as being initially bound to the shorter
stereocilium is arbitrary; in addition, although channels are shown at
both tip-link ends, they may be randomly distributed between upper
and lower ends (12). (B) After tip links have been regenerated,
functional transduction channels maintain a modestly elevated Ca?*
concentration close to stereociliary tips (16). In our model, this
elevated Ca?* concentration prevents assembly of additional tip links.
Over a time period that is presumably longer than 24 hr, the adaptation
motor matures to give fast kinetics.

Because elevation of intracellular Ca?* blocks tip-link re-
generation, the decline in free Ca?* following tip-link loss and
transduction-channel closing is a plausible signal to stimulate
regeneration. But what keeps supernumerary tip links from
forming when functional transduction channels are present?
Open transduction channels permit a “tip blush” of elevated
Ca?" that extends down the stereocilium as far as several
micrometers from the tip (16), and Ca?* increases the climbing
rate of the hair cell’s adaptation motor (21). If adaptation
motors transport the transduction apparatus’ tip-link subunits,
perhaps a tip-link subunit normally cannot connect to its
receptor on the adjacent stereocilium, because Ca?* entering
through open channels increases the rate of motor movement
near stereociliary tips. In the presence of functional channels,
motors would move rapidly through the region of the hair
bundle where the stereocilia are close enough together to
permit tip-link attachment. When channels are instead closed,
such as following BAPTA treatment, motors would linger in
this assembly zone and tip links could attach. Alternatively,
increased Ca?* spreading down a stereocilium might arrest
motors before they reach the “attachment zone,” reminiscent
of the effects of Ca®* on myosin-I8 motility (27).

Important questions remain unanswered. For example, are
tip links preassembled between stereociliary pairs or does
regeneration require assembly? Interstereociliary linkages re-
side just below stereociliary tips; although at least some of
these linkages resist calcium-chelator treatment (5, 10), nas-
cent tip links may be found among them. In that case,
extraordinarily large mechanical displacements might stretch
these tip links and open transduction channels. In addition,
how does the hair bundle recognize tip links formed off the
primary axis and then remove them? In our assay, the dissected
basilar papilla was removed from any normal mechanical cues,
suggesting that individual hair cells have an intrinsic ability to
recognize off-axis tip links. This mechanism may partially rely
on mechanical cues, however, as the number of off-axis tip
links in control basilar papillae grows during the culture period
(Fig. 3 B and C). Finally, does the mechanism of tip-link
regeneration differ from the mechanism of initial insertion
during bundle development (11)? With the development of the
tip-link regeneration assay, we can now investigate the mech-
anism of assembly of the transduction apparatus and address
these and other questions.

Tip-Link Regeneration and Recovery from Temporary
Threshold Shift. Regeneration of tip links may underlie re-
covery from temporary threshold shift (TTS), where hearing
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acuity recovers from a loss of 40 dB or more (>100-fold) after
exposure to loud sound (28). The cellular locus of damage
during prolonged noise stimulation of amplitudes that elicit
TTS is unknown; electron-microscopic investigations using
methods that did not preserve tip links indicated that such
noise has nearly undetectable effects on stereociliary structure
(29). Although tip links apparently resist large static and
dynamic stimuli (22), TTS-inducing stimuli nevertheless can
break tip links (6, 30). Consistent with those observations,
similar stimuli inactivate transduction channels (31) and de-
crease bundle stiffness (32), expected consequences of tip-link
destruction. If TTS-inducing stimuli indeed break tip links,
regeneration must occur in order for normal hearing to return.
The exponential time course of recovery from TTS in humans,
with a time constant of ~7 hr (33), matches remarkably well
the time course of tip-link regeneration seen in the chicken’s
basilar papilla. Although our data are better fit by eye with a
square or cubic exponential relationship (Fig. 1), a fit with a
single exponential gives a time constant of 6.6 hr. Although
proof will require careful examination of tip links before,
during, and after TTS, we speculate that the recovery of
normal hearing after sound exposure that induces TTS is
ultimately limited by tip-link regeneration.
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